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ABSTRACT
We present the first survey of dense gas towards Planck Galactic Cold Clumps (PGCCs). Observations in the
J = 1 − 0 transitions of HCO+ and HCN towards 621 molecular cores associated with PGCCs were performed
using the Purple Mountain Observatory 13.7-m telescope. Among them, 250 sources have detection, including
230 cores detected in HCO+ and 158 in HCN. Spectra of the J = 1 − 0 transitions from 12CO, 13CO, and
C18O at the centers of the 250 cores were extracted from previous mapping observations to construct a multi-
line data set. The significantly low detection rate of asymmetric double-peaked profiles, together with the well
consistence among central velocities of CO, HCO+, and HCN spectra, suggests that the CO-selected Planck
cores are more quiescent compared to classical star-forming regions. The small difference between line widths
of C18O and HCN indicates that the inner regions of CO-selected Planck cores are not more turbulent than the
exterior. The velocity-integrated intensities and abundances of HCO+ are positively correlated with those of
HCN, suggesting these two species are well coupled and chemically connected. The detected abundances of
both HCO+ and HCN are significantly lower than values in other low- to high-mass star-forming regions. The
low abundances may be due to beam dilution. On the basis of the inspection of the parameters given in the
PGCC catalog, we suggest that there may be about 1 000 PGCC objects having sufficient reservoir of dense
gas to form stars.
Keywords: ISM: abundances – ISM: clouds – ISM: kinematics and dynamics – ISM: molecular – stars: forma-
tion
1. INTRODUCTION
Stars form in dense regions of molecular clouds. However,
some physical and chemical properties of cold compact ob-
jects that breed stars are sill poorly understood. A key ap-
proach would be to statistically investigate cold dense clumps
in the Galaxy. In the last decade, numerous dense clumps re-
vealed by surveys in continuum at (sub-)millimeter domain
using ground-based facilities and the Herschel Space Obser-
vatory (e.g. Schuller et al. 2009; Andre´ et al. 2010; Molinari
et al. 2010; Aguirre et al. 2011) have led to significant ad-
vancement. However, these surveys are mainly confined in the
Galactic plane and several well-known nearby star-forming
regions, an all-sky survey at multi-bands is crucial to the un-
derstanding of star formation in different environments.
The Planck satellite (Tauber et al. 2010; Planck Collabora-
tion et al. 2011a) carried out the first all-sky survey at multi-
bands in the submm-to-mm range with unprecedented sensi-
tivity and provides an inventory of cold condensations of in-
terstellar matter in the Galaxy. The first all-sky Cold Clump
Catalogue of Planck Objects (C3PO) released in Planck Col-
laboration et al. (2011d) consists of 10,342 cold sources that
stand out against a warmer environment. The C3PO clumps
are cold with dust temperatures ranging from 7 K to 19 K,
with a distribution peaking around 13 K. A detailed anal-
ysis of ten C3PO clumps carried out by Planck Collabora-
tion et al. (2011c) revealed low column densities of NH2 ∼
(0.1 − 1.6) × 1022 cm−2 which can only be treated as lower
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limits due to the poor resolution of Planck bands. Among the
C3PO clumps, 915 early cold cores (ECCs) were identified
based on criteria of S/N > 15 and T < 14 K where S/N is
the signal-to-noise ratio. The ECC sample is delivered as a
part of the Planck Early Release Compact Source Catalogue
(ERCSC, Planck Collaboration et al. 2011b). As the high-S/N
and cold tail of the C3PO objects, ECCs are excellent targets
for studying the earliest stages of star formation (Juvela et
al. 2010, 2011, 2012, 2015; Parikka et al. 2015). Recently,
Planck Collaboration et al. (2015) released the Planck Cata-
log of Galactic Cold Clumps (PGCCs). As the full version of
the ECC catalog, the PGCC catalog provides 13 188 Galactic
sources spreading across the whole sky. Containing sources
in very different environments, the PGCC catalog is useful for
investigating the evolution from molecular clouds to cores.
To reveal the molecular characteristics, we carried out sur-
vey observations in the J = 1 − 0 transitions of 12CO, 13CO,
and C18O towards more than 600 Planck cold clumps selected
from the ECC catalog in both single-pointing and on-the-fly
modes (Wu et al. 2012; Liu et al. 2012, 2013a, 2015; Meng et
al. 2013). We found that Planck cold clumps have the small-
est line widths compared to other star-formaing samples (e.g.,
IRDCs, Wang et al. 2009, 2014) indicating quiescent features
and nature of very early evolutionary stages.
Although some kinematic properties have been revealed,
the low critical densities of CO and its isotopologues pre-
vent us investigating the denser inner regions. Observations
in dense gas tracers are crucial to unveiling the physical and
chemical features of the interior of these objects.
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In this paper, we report on a survey of the J = 1 − 0 tran-
sitions of HCO+ and HCN towards the smaller sub-structures
enclosed in the ECCs which have been previously mapped
in CO (see section 2). Combining spectra of CO and its iso-
topologues extracted from previous mapping observations, we
have carried out a comprehensive study of dense gas in these
sources. This paper is arranged as follows. We present a de-
scription of the sample and observations in Section 2 and the
results in Section 3. In Section 4, we try to comprehensively
discuss the data. The main findings are summarized in Sec-
tion 5.
2. THE SAMPLE AND OBSERVATIONS
As mentioned in section 1, more than 600 Planck cold
clumps have been mapped in the J = 1 − 0 transitions of
12CO, 13CO, and C18O. A 22′ × 22′ region for each clump
was mapped with a spatial resolution of about 52′′. Only the
central 14′×14′ portion, where the sensitivity is high enough,
have been taken into account. Details about the mapping ob-
servations are referred to Liu et al. (2012) and Meng et al.
(2013). As demonstrated in Meng et al. (2013), we have iden-
tified sub-structures in regions defined by a contour of 60%
of the peak intensity of 13CO. In total, 621 smaller substruc-
tures have been identified (Liu et al. 2012; Meng et al. 2013,
T. Zhang et al. in prep; P. Chen et al. in prep; R. Hu et al.
in prep), and are referred as CO-selected cores in this work
to be distinguished from the parental clumps. These CO-
selected cores have source-averaged column densities ranging
from 7.6 × 1020 cm−2 to 3.7 × 1022 cm−2 with a mean value
of 7.2 × 1021 cm−2. The source-averaged volume densities
are in the range of (0.1 − 68.6) × 103 cm−3 with a mean of
4.6 × 103 cm−3. The low mean excitation temperature of CO
(∼ 11 K) suggests quiescent features. The distances to 164
CO-selected cores have been adopted from the PGCC catalog
(Planck Collaboration et al. 2015). The distances to other 382
sources, whose distances are not provided in the PGCC cat-
alog, are from Wu et al. (2012). Note that we have confined
the Galactocentric distance to be smaller than 20 kpc while
matching the sample with the catalogs of Wu et al. (2012) and
Planck Collaboration et al. (2015). The distances range from
0.1 to 14.7 kpc with a mean value of 1.3 kpc.
Single-pointing observations of the CO-selected cores in
HCO+ J = 1 − 0 (89.189 GHz) and HCN J = 1 − 0 (88.632
GHz) were carried out using the Purple Mountain Observa-
tory (PMO) 13.7-m telescope with the position-switch mode
from June to July of 2013 and from May to June of 2014.
The half power beam width (HPBW) and main beam effi-
ciency at 89 GHz are about 59′′ and 55%, respectively. The
pointing and tracking accuracies were both better than 5′′ de-
termined by scanning solar planets. A double sideband SIS
receiver was used to cover both lines in the upper sideband
(USB) which has a width of 1 GHz allocated to 16384 chan-
nels (Shan et al. 2012). The spectral resolution is about 61
kHz, corresponding to a velocity resolution of 0.21 km s−1.
In our observations, the off position for each source was orig-
inally set to be 30′ west away from the target along the right
ascension direction. We have carefully checked the the off po-
sitions with direct observations to find that most of them are
emission-free in both HCO+ and HCN. For the five sources,
which show anomalous absorption features in the spectra in-
dicating possible line contamination, the off positions were
reset to the opposite direction, i.e. 30′ east from the target.
The on-source time was about 5 minutes for most sources,
and longer than 10 minutes for a small number of objects ob-
served in 2013. The system temperatures are in the range of
133 to 363 K, with a mean value of 190 K. The CLASS soft-
ware of the GILDAS package (Pety 2005) was used to reduce
the data. In order to achieve a higher sensitivity, we smoothed
the spectra to a lower velocity resolution of 0.42 km s−1. The
final reduced spectra have 1σ noises ranging from 0.02 to 0.23
K, with a mean value of 0.07 K and a median of 0.06 K.
3. RESULTS
Among the 621 observed molecular cores, 250 ones have
valid detection in either HCO+ J = 1 − 0 or HCN J = 1 − 0,
including 138 cores detected in both lines, 92 cores only de-
tected in HCO+ J = 1 − 0, and 20 cores only detected in
HCN J = 1 − 0. The designations and coordinates of these
250 sources are given in the first three columns of Table 1. In
Figure 1, they are represented with filled circles. We note that
the spatial distribution of CO-selected cores is biased towards
nearby star-forming regions (e.g., Perseus, Taurus and Orion)
while the Galactic plane is under-represented. This is because
of the higher confusion in the Galactic plane, so that the S/N
tends to be lower there, but also because the dust tempera-
tures in the plane tend to be higher conflicting to the selection
criteria of ECCs (Planck Collaboration et al. 2011d). The dis-
tribution of the targets in the face-on Milky Way is shown in
Figure 2. Most sources (∼ 85%) reside in the 10 kpc inner
region from the Galactic center with a concentration near the
Sun. Example spectra of several sources are presented in Fig-
ure 3. Most sources have one velocity component except for
four ones which show two velocity components. In all the 250
sources, 254 velocity components have been detected.
3.1. Observed Parameters
From previous mapping observations, we have extracted
spectra of the J = 1 − 0 transitions of 12CO, 13CO and C18O
at the peak of each core to construct a data set with five lines.
For spectra of 12CO, 13CO, C18O and HCO+, peak intensities,
centroid velocities, and line widths of all the 250 cores have
been obtained by fitting Gaussian profiles.
For HCN J = 1− 0, we have performed hyperfine structure
fitting by initiating the intensity ratios of IF=1−1/IF=2−1 = 0.6
and IF=0−1/IF=2−1 = 0.2 using the HFS method in CLASS
which resulted in four parameters p1, p2, p3, and p4. Here, p2
and p3 are the centroid velocity and line width. The intensities
and optical depths of the main and satellite components can
be expressed as functions of p1 and p4,
Tmain =
p1
p4
(
1 − e−p4
)
,
Tsatellite =
p1
p4
(
1 − e−R·p4
)
, (1)
τmain = p4,
τsatellite =R · p4.
Here, R is the intrinsic intensity ratio of the satellite compo-
nent to the main component. The detailed procedure of the
hyperfine fitting is referred to the online documents of the
CLASS software1. The resulting observational parameters for
HCO+ J = 1 − 0 and HCN J = 1 − 0 are given in Table 1.
3.2. Derived Parameters
1 http://www.iram.fr/IRAMFR/GILDAS/doc/html/class-html
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Figure 1. Spatial distribution of the observed sources (black circles) and the ones with valid detection (blue circles). The background shows CO J = 1 − 0
emission of the Type 3 map from Planck Collaboration et al. (2014).
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Figure 2. Spatial distribution of the sources with (blue crosses) and without
(black circles) detection in the face-on Milky Way. The spiral arms are repro-
duced using the 4-arm model of Hou & Han (2014) with R0 = 8.5 kpc and
Θ0 = 220 km s−1 fitted to H ii regions. The large dashed circle has a radius
of 10 kpc.
For the sake of revealing physical features of these molec-
ular cores, some fundamental parameters have been deduced
from the observed spectra under the assumption of local ther-
mal equilibrium (LTE). The measured brightness temperature
(Tr) for a specific transition as a function of excitation tem-
perature (Tex) can be expressed as
Tr =
hν
k
[J(Tex) − J(Tbg)] × [1 − exp(−τ)] f , (2)
where J(T ) = [exp(hν/kT )−1]−1, Tbg = 2.73 K is the temper-
ature of the cosmic background radiation, and f is the beam-
filling factor. Under LTE condition, the optical depths of 12CO
and 13CO can be straightforwardly obtained from comparing
the measured brightness temperatures:
Tr(12CO)
Tr(13CO)
≈ 1 − exp(−τ12)
1 − exp(−τ13) . (3)
Here, τ12/τ13 = [12CO]/[13CO]. The isotope ratio of 12C/13C
for each source has been deduced from the following equation
(Pineda et al. 2013),
12C
13C
= 4.7
Rgal
kpc
+ 25.05, (4)
where Rgal is the Galactocentric distance in kpc. With the de-
rived optical depth, the excitation temperature can be reached
from Equation 2 based on the intensity of 12CO.
Under LTE condition, the column density of a linear
molecule can be expressed as
N =
3k
8pi3νµ2S
Qrot
gJ+1
exp
( Eup
kTex
)
J(Tex)
× 1
J(Tex) − J(Tbg)
τ
1 − exp(−τ)
∫
Tr dv. (5)
Here, µ is the permanent dipole moment of the molecule. For
the 1 − 0 transition, the line strength S = J+12J+3 = 13 , the de-
generacy gJ+1 = 2J + 3 = 3, where J is the rotational quan-
tum number of the lower state. We have followed McDowell
(1988) to write the partition function as Qrot = kThB +
1
3 where
B is the rotational constant. The molecular parameters have
been adopted from the Cologne Database for Molecular Spec-
troscopy (CDMS)2.
In the calculation, the excitation temperatures of 13CO and
C18O have been assigned to be equal to that of 12CO. This
would be reasonable while considering the fact that 12CO,
13CO and C18O are well coupled in ECCs (Wu et al. 2012).
The optical depths and column densities of 13CO have been
obtained from Equations 3 and 5. For C18O, we derived opti-
cal depths and column densities from Equations 2 and 5.
2 http://www.astro.uni-koeln.de/cdms/
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Figure 3. Example spectra.
For lacking observations of transitions from an isotopo-
logue and a higher excitation level, the excitation tempera-
tures of HCO+ cannot be reliably derived. Additionally, op-
tically thin feature for most sources (see Table 2) further pre-
vented us obtaining estimates using Equation 2 under an opti-
cally thick assumption. In this work, we assumed the excita-
tion temperatures of HCO+ J = 1 − 0 to be its upper energy
in Kelvin (Eu/k = 4.28 K). Then the optical depths and col-
umn densities were derived from Equations 2 and 5. We note
that the column densities obtained here are lower limits (e.g.,
Hatchell et al. 1998; Miettinen 2012, 2014) due to the use of
upper energy as the excitation temperatures.
For HCN, the excitation temperatures were straightfor-
wardly derived from Equation 2 using optical depths obtained
from HFS fitting (see section 3.1 and Table 1). For the deriva-
tion of column densities of HCN, Equation 5 was used by
multiplying a factor of 1.8 which comes from the intensity
ratios among the main and satellite components.
The column densities of CO for the 189 cores with detection
in C18O were calculated from that of C18O with a considera-
tion of isotope ratio of 16O/18O as a function of Galactocentric
distance (Wilson & Rood 1994),
16O
18O
= 58.8
Rgal
kpc
+ 37.1. (6)
For sources without detection in C18O J = 1 − 0, the CO col-
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Figure 4. Distribution of the N18H2/N
13
H2
ratios for the 189 sources with
C18O detection.
umn densities were obtained from that of 13CO by adopting
isotope ratio given in Equation 4. Then the H2 column densi-
ties were derived with the consideration of CO abundances as
a function of Galactocentric distances (Fontani et al. 2012),
XCO = 8.5 × 10−5 exp
(
1.105 − 0.13 Rgal
kpc
)
. (7)
In order to test the consistency between the two methods, we
have obtained two sets of H2 column densities of the 189
sources from C18O and 13CO and denoted them as N18H2 and
N13H2 . As shown in Figure 4, the N
18
H2
/N13H2 ratios are ranging
from 0.3 to 2.6 with a mean of 0.9 and a standard derivation
of 0.3, indicating that the H2 column densities derived from
13CO and C18O are consistent to each other.
One should note that the derived H2 column densities would
suffer from large uncertainties due to the abundance varia-
tions of CO. As noted in the literature the Galactic gradients
of abundances (Equations 4, 6, and 7) would be valid in the
Galactocentric distances between 3 kpc and 10 kpc where CO
has significant emission (Wilson & Rood 1994; Pineda et al.
2013). As shown in Figure 2, most sources reside inside 10
kpc from the Galactic center. For these targets inside the 10
kpc circle, abundance ratios of [12C]/[13C], [16O]/[18O] and
[CO]/[H2] have been obtained from Equations 4, 6, and 7.
The [12C]/[13C] ranges from 39 to 72, [16O]/[18O] from 213
to 625, and [CO]/[H2] from 0.7 × 10−4 to 1.7 × 10−4. For
sources with Galactocentric distances larger than 10 kpc, the
abundance ratios at Rgal = 10 kpc have been adopted. We
compared the [12C]/[13C] obtained from Equation 4 ratios to
that from Wilson & Rood (1994) and found that the differ-
ences are smaller than 25%. We estimate that the variations of
abundance ratios would introduce uncertainties smaller than a
factor of one for sources with Rgal < 10 kpc. The uncertainties
for sources with Rgal > 10 kpc would be larger.
The resulting optical depths of 13CO, C18O and HCO+, ex-
citation temperatures of CO, column densities of 13CO, C18O,
HCO+, and HCN are given in columns 4–11 of Table 2. The
statistics of some derived parameters are presented in Table 3.
The excitation temperatures in the CO-selected cores with
HCO+and/or HCN detection range from 7.6 to 34.4 K, signif-
icantly higher than the values in Wu et al. (2012) and the dust
temperatures (7–19 K, Planck Collaboration et al. 2011d).
The differences may be due to the sources in this work are
relatively dense regions in clumps studied by Planck Collabo-
ration et al. (2011d) and Wu et al. (2012). The mean excitation
temperature is about 12.54 K approximately equal to the mean
dust temperature (13 K, Planck Collaboration et al. 2011d)
and slightly higher than the value in Wu et al. (2012). The ex-
citation temperatures of these source with HCO+ and/or HCN
detection are significantly higher than that of CO-selected
cores in the Taurus, Perseus, and California complexes (Meng
et al. 2013), but similar to that of CO-selected cores in the
Orion complex (Liu et al. 2012). The column densities of H2
cover the range of (1.5− 70.9)× 1021 cm−2 with a mean value
of 1.3 × 1022 cm−2, much higher than those of CO-selected
cores in the Orion, Taurus, Perseus, and California complexes
(Liu et al. 2012; Meng et al. 2013). This is a natural result
because the sources with detection in HCO+ and/or HCN are
relative denser ones.
4. DISCUSSIONS
In order to assure the detection of HCO+ and/or HCN is
not purely distance and sensitivity limited, we have plotted
histograms of distances and RMS noises of HCO+ for CO-
selected cores with and without detection. As shown in Figure
5(a), the distances for sources with and without detection have
a similar distribution. The sources with detection in dense gas
tracers have distances ranging from 0.1 to 14.7 kpc with a
mean of 1.4 kpc and a median of 0.8 kpc. For sources with-
out detection, the values range from 0.1 to 10.2 kpc with a
mean of 1.2 kpc and a median value of 0.9 kpc. The similar
mean and median values for source with and without detection
suggest that distances have not induced biases to the detec-
tion of dense gas tracers in the CO-selected cores. As shown
in Figure 5(b), the distributions of RMS noises of sources
with and without detection are similar with an excess for non-
detection sources at the high noise end (rms > 0.12 K). The
fractions of high noises are 0.18 and 0.07 for sources with and
without detection. Nevertheless, more than 80% CO-selected
cores without detection have RMS noises as low as the ones
with detection. To further check the influence of the large
range of sensitivity on the detection, we have separated the
observed sources into high- and low-sensitivity groups us-
ing the median RMS noise (∼ 0.06 K) as a threshold. The
detection rates for the high- and low-sensitivity groups are
38.7% and 40.5%, respectively. Such consistency, together
with the similarity between distributions of RMS noises of
sources with and without detection, suggests that the detec-
tion of HCO+ and/or HCN is not sensitivity limited.
4.1. Kinematics
We have carefully inspected the spectra of sources with de-
tection in HCO+ and/or HCN to find that all targets show
single-peaked profiles except for seven ones showing self-
absorption features (see Figure 3). Among the seven excep-
tions, two are red profiles (i.e. lines with higher peaks skewed
to the red sides; G084.79-01.11A1 and G120.16+03.09A1)
and four blue profiles (G114.56+14.72A1, G126.49-01.30A2,
G172.85+02.27A1, and G226.36-0-0.50A1). The other one
shows symmetric double-peaked profile with a dip at the line
center (G120.98+02.66A1). Asymmetric double-peaked pro-
files are always regarded as effective tracers of kinematics in
star-forming cores with blue profiles linked to inward mo-
tions (e.g., collapse or infall, Zhou et al. 1993; Wu & Evans
2003; Evans et al. 2005; Wu et al. 2005) and red profiles for
outward motions (e.g., outflow or expansion Wu et al. 2007;
6 Yuan et al.
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Figure 5. Distributions of distances (a) and RMS noise of HCO+ (b) for sources with detection (cyan) in ether HCO+ or HCN, and sources without detection
(yellow) in neither HCO+ nor HCN. The green means an overlay between the two groups.
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Figure 6. Distributions between differences of line widths of C18O and
HCN.
Yuan et al. 2013). The detection rates of blue and red pro-
files are 1.2% and 0.8%, significantly smaller than the val-
ues in surveys toward low- and high-mass star-forming re-
gions. Based on results in the literature, Evans (2003) found
the detection rates of blue (red) profiles in Class -I, 0, and I
low-mass star-forming regions are 35% (6%), 33% (5%), and
50% (19%), respectively. Among the 48 high-mass clumps
mapped in HCN J = 3 − 2 and an optically thin line (H13CN
J = 3 − 2 or C34S J = 5 − 4), Wu et al. (2010) reported de-
tection rates of 44% and 31% for blue and red profiles. We
note that the difference between detection rates of asymmet-
ric profiles in this work and that in the literature are not due
to a difference in S/N of the observations, because the detec-
tion rates are still significantly low (< 3%) even if we only
consider sources with S/N > 10. The small detection rates
of asymmetric double-peaked profiles in this work indicate
rareness of bulk-motions in these dense CO-selected cores,
suggesting they are relatively quiescent compared to classical
star-forming regions.
Another indicator of kinematics that can be extracted from
single-point observations could be the line widths. The mean
widths of 12CO, 13CO, and C18O of the CO-selected cores
with valid detection in HCO+ and/or HCN are 2.95, 1.67, and
1.08 km s−1, relatively larger than that in Wu et al. (2012)
in which they are 2.0, 1.3, and 0.8 km s−1. The spectra are
also slightly wider than those of CO-selected cores in Orion
(0.9 km s−1 for 13CO), Taurus (1.8 km s−1 for 12CO and 1.1
km s−1 for 13CO), and California (2.2. km s−1 for 12CO and
1.4 km s−1 for 13CO) molecular complexes (Liu et al. 2012;
Meng et al. 2013). Slightly larger line widths detected in
this work may be attributed to that the cores with detection
in HCO+ and/or HCN are significantly denser than those in
Taurus, California and Orion complexes (see section 3.2) and
higher ram pressures make additional contribution to the line
widths. Another possibility could be that the CO-selected
cores with detection in HCO+ and/or HCN are more turbu-
lent.
Using data of multiple lines from distinct species with sig-
nificantly different critical densities, we can statistically ex-
amine the difference of kinematics in separate regions. Here,
we mainly compare the line widths of C18O and HCN which,
in general, are optically thin. The typical source-averaged
volume density is 4.6 × 103 cm−3 (see section 2), indicat-
ing that there may be a significant volume with density above
104 cm−3 in these sources. With a critical density no larger
than 104 cm−3 , C18O J = 1 − 0 mainly originates from the
exterior of a core. Meanwhile, HCN J = 1 − 0 is a good
tracer of the inner region due to its significantly higher criti-
cal density of > 105 cm−3. The line widths of C18O are in the
range of 0.17–3.39 km s−1 with a mean value of 1.08 km s−1,
while those of HCN ranging from 0.69 to 2.70 km s−1 with
a mean of 1.06. The typical optical depths are 0.2 and 0.3
for C18O J = 1 − 0 and HCN J = 1 − 0, respectively.
Such small optical depths can only broaden the line widths
by a factor of < 10% which has been estimated using Equa-
tion 3 of Phillips et al. (1979). We note that the minimum
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value for HCN is only an upper limit due to the poor spec-
tral resolution of our observations (see section 2). The mean
widths of C18O and HCN are almost equal to each other. The
distribution of difference between line widths of C18O and
HCN, which can be fitted using a Gaussian with a µ = 0.01
km s−1 and a σ = 0.51 km s−1, is shown in Figure 6. In-
triguingly, the width difference is very small with statistical
significance. This is contrary to the results in Wu et al. (2010)
in which larger widths of transitions with higher critical den-
sities are treated as an indication of larger turbulence in the
inner region of dense cores. The almost equivalence between
widths of C18O and HCN suggests that the inner regions of
CO-selected cores are not more turbulent than the exterior,
different from the situation in high-mass star-forming cores
where the interior is of larger turbulence (e.g., Wu et al. 2010;
Garay et al. 2015). Compared to the two optically thin lines
(i.e., C18O J = 1 − 0 and HCN J = 1 − 0), the lines of
13CO J = 1 − 0 are relatively broader with widths ranging
from 0.59 to 6.25 km s−1 with a mean value of 1.67 . The
typical difference between line widths of 13CO and HCN is
0.65 km s−1, and the value is 0.42 km s−1 even accounting for
the broadening attributed to optical depth. This indicates the
surrounding clouds are more turbulent.
4.2. Coupling of Different Species
In the survey toward 674 Planck cold clumps, Wu et al.
(2012) found that the central velocities of transitions from
CO and its isotopologues are strikingly consistent with each
other. This feature could be reasonable in quiescent regions,
for CO and its isotoplogues should be well coupled with each
other without active disturbance. In this work correlations
among central velocities of 13CO, HCO+ and HCN, which
are shown in Figure 7, have been examined. The differ-
ences of central velocities between 13CO and HCO+ (V13CO −
VHCO+ ), 13CO and HCN (V13CO − VHCN), HCO+ and HCN
(VHCO+ − VHCN) have mean values of 0.006 ± 0.4, 0.05 ± 0.4,
0.002 ± 0.6 km s−1. Intriguingly, the differences are strik-
ingly small, which may be an indication of quiescent features
for these CO-selected cores. Noticeably, the deviations of
(V13CO − VHCO+ ), (V13CO − VHCN), and (VHCO+ − VHCN) from
zero seems to be consistent with the critical densities of the
J = 1− 0 transitions of 13CO (∼ 103 cm−3), HCO+ (∼ 7× 104
cm−3), and HCN (∼ 5 × 105 cm−3). If HCN, HCO+, and
13CO trace gases from the interior to the exterior, the devia-
tion of velocity difference from zero can also reflect the spatial
correlation among different species. For instance, the small
deviation of (VHCO+ −VHCN) may indicate that HCO+ is better
coupled with HCN than CO.
Shown in Figure 8 are relations of velocity integrated in-
tensities of 12CO, 13CO, C18O, and HCO+ with that of HCN.
The intensities of CO and its isotopologues seem not corre-
lated with that of HCN. However, the relationship between
HCO+ and HCN follows a power law of WHCO+ = 2.3×W0.8HCN
with a coefficient of determination of R2 = 0.7 indicating
about 70% of the data points can be well represented by the
fitted linear relation in the log-log space. Such prominent
correlation gives additional evidence to the coupling between
HCO+ and HCN. Strong correlation between HCO+ and HCN
was also detected in Liu et al. (2013b) and interpreted as an
indicator of a tight chemical connection.
4.3. Abundances of HCO+ and HCN
The statistics of column densities and fractional abundances
of HCO+and HCN are given in Table 3. The column densities
−60 −40 −20 0 20
VLSR(13CO) (km s−1)
−4
−2
0
2
4
V
1
3
C
O
−
V
H
C
O
+
 (
k
m
 s
−1
) (a)
−60 −40 −20 0 20
VLSR(13CO) (km s−1)
−4
−2
0
2
4
V
13
C
O
−
V
H
C
N
 (
k
m
 s
−1
) (b)
−60 −40 −20 0 20
VLSR(HCO + ) (km s−1)
−4
−2
0
2
4
V
H
C
O
+
−
V
H
C
N
 (
k
m
 s
−1
) (c)
Figure 7. Correlations among velocity centroids of different species. (a)
VLSR (HCO+) vs. VLSR (13CO); (b) VLSR (HCN) vs. VLSR (13CO); (c) VLSR
(HCN) vs. VLSR (HCO+). The lower panels shows the velocity differences.
of HCO+ are in the range of (0.07 − 24.16) × 1012 cm−2 with
a mean value of 1.69 × 1012 cm−2 , while that of HCN rang-
ing from 0.24 × 1012 cm−2 to 16.15 × 1012 cm−2 with a mean
of 1.57 × 1012 cm−2. The abundances of HCO+ (HCN) range
from 3.0×10−12 (1.3×10−11) to 1.5×10−9 (5.6×10−10) with a
mean value of 1.5×10−10 (1.4×10−10) which are significantly
lower than values in low- to high-mass star-forming regions
where the abundances of both HCO+ and HCN are in the
range of 10−10 − 10−8 (Dutrey et al. 1997; Hirota et al. 1998;
Vasyunina et al. 2011; Sanhueza et al. 2012; Liu et al. 2013b;
Gerner et al. 2014; Miettinen 2014). The low abundances in
this work could be attributed to poor spatial resolutions of our
observations which have led to severe effect of beam dilution.
The CO-selected cores with valid detection in HCO+ and/or
HCN have distances ranging from 0.1 pc to 14.7 kpc with a
mean of 1.4 kpc. The corresponding physical scales covered
by one beam range from 0.03 pc to 4.3 pc with a mean of
0.35 pc. However the region where the gas is dense enough
for HCO+ and HCN to be detectable would be smaller than
0.1 pc. Thus the measured column densities of HCO+ and
HCN have been severely diluted by a factor of tens on aver-
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Figure 8. Velocity integrated intensities of CO (a), 13CO (b), C18O (c), and HCO+ (d) as functions of that of HCN.
age, even by a factor of 103 for the farthest sources. We note
that the H2 column densities, which have been used to ob-
tain fractional abundances of HCO+ and HCN, were estimated
based on CO observations. As aforementioned, the variation
of [12C]/[13C], [16O]/[18O] and [CO]/[H2] ratios would lead
to large uncertainties to the results. Further dust observations
with sufficient resolution are needed to better constrain the
abundances.
4.4. PGCCs with Dense Gas
As the first survey of dense gas towards Planck cold
clumps, the statistical results in this work may lead us to deter-
mine whether there are any hints, in the many physical param-
eters given in the PGCC catalog, that can point to the presence
of dense gas.
For sources detected in dense gas tracers, what makes them
stand out of the rest? To address this question, we have ex-
amined some parameters from CO observations i.e., peak in-
tensities of 13CO, line widths of 13CO, H2 column densities,
and excitation temperatures of CO. Shown in Figure 9 are
histograms of these inspected parameters. The CO-selected
cores with and without detection in HCO+ and/or HCN share
common distributions for line widths of 13CO. The peak inten-
sities of 13CO and excitation temperatures of CO for sources
detected in HCO+ and/or HCN are systematically higher than
that of sources without detection. For H2 column densities,
the two groups of sources share a similar distribution at low-
to intermediate densities. There is a prominent excess at H2
column densities higher than 2 × 1022 cm−2 for sources de-
tected in dense gas tracers. In general, sources detected in
HCO+ and/or HCN would have higher CO excitation temper-
atures and, probably, higher column densities compared to the
ones without detection.
In order to pinpoint which parameter(s) given in the PGCC
catalog can point to the presence of dense gas, we have re-
visited H2 column densities, dust temperatures, masses and
luminosities of all PGCCs (black) and the ones consisting
CO-selected cores with (red) and without (blue) detection in
HCO+ and/or HCN. The histograms and statistics of these pa-
rameters are presented in Figure 10 ahd Table 4. In general,
the PGCCs containing CO-selected cores (for both with and
without detection in dense gas tracers) are denser and colder
compared to the whole PGCC sample. There is no surprise for
this point because the CO-selected cores were identified from
ECCs which constitute the high-S/N and cold tail of PGCC
objects. PGCCs containing CO-selected cores detected in
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Figure 9. Distributions of velocity-integrated intensities of 13CO (a), line widths of 13CO (b), H2 column densities and excitation temperatures of CO for sources
with detection (cyan) in ether HCO+ or HCN, and sources without detection (yellow) in neither HCO+ nor HCN. The green means an overlay between the two
groups.
HCO+ and/or HCN are slightly denser compared to the ones
with no detection. There is no significant difference between
distributions of dust temperatures for these two subsamples.
As shown in Figure 10(c), the clump masses of the full PGCC
sample and the PGCCs without detection in dense gas have
similar distributions, while that of the the PGCCs with de-
tection in HCO+ and/or HCN slightly deviating to the high
mass end with larger median values. For luminosities, the
full PGCC sample and the other two subsamples share simi-
lar distributions and the median values are also consistent in a
factor of one (see Figure 10 and Table 4). Although there are
no significant differences for parameters among distinct sam-
ples, we still tentatively found that PGCC sources containing
dense gas would be denser and more massive compared to the
remaining pool. On the basis of the statistics presented in Ta-
ble 4, we tentatively estimate that there may be about 1000
PGCC objects having sufficient reservoir of dense gas to form
stars.
5. CONCLUSIONS
We have carried out single-pointing observations in the J =
1− 0 transitions of HCO+ and HCN towards 621 CO-selected
molecular cores associated with Planck cold clumps. Among
them, 250 sources have valid detection in either HCO+ and/or
HCN, including 138 cores detected in both lines, 92 cores
only in HCO+, and 20 cores only in HCN. Spectra of the
J = 1 − 0 transitions of 12CO, 13CO, and C18O for the 250
cores were extracted from previous mapping observations to
construct a multi-line data set to reveal some kinematic and
chemical properties.
Spectra of HCO+ J = 1−0 and HCN J = 1−0 of all sources
show single-peaked profiles except for seven ones showing
self-absorption features. Among the seven exceptions, two
are red profiles, four blue profiles. The other one shows a
symmetric double-peaked profile with a dip at the line cen-
ter. The low detection rate of asymmetric profiles suggests
the CO-selected cores are more quiescent compared to classi-
cal star-forming regions.
The difference between line widths of C18O and HCN are
close to zero with a small standard deviation, indicating that
the inner regions of CO-selected cores are not more turbu-
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Figure 10. Distributions of H2 column densities, dust temperatures, masses and luminosities of all PGCCs (black) and the ones consisting CO-selected cores
with (red) and without (blue) detection in HCO+ and/or HCN. We note that all the parameters are from the PGCC catalog (Planck Collaboration et al. 2015)
lent than the exterior. This is different from the situation in
high-mass star-forming cores where the interior is of larger
turbulence (Wu et al. 2010; Garay et al. 2015).
The central velocities of HCO+ are more consistent with
that of HCN than 13CO. The velocity-integrated intensities of
HCO+ are well correlated with that of HCN. These features
indicate that gaseous HCO+ is better coupled with HCN than
CO and its isotopologues.
The H2 column densities of sources with detection in
HCO+ or HCN have been deduced from spectra of C18O or
13CO, and are in the range of (1.5 − 70.9) × 1021 cm−2 with a
mean value of 1.3×1022 cm−2, significantly higher than those
of CO-selected cores in Orion, Taurus, Perseus, and Califor-
nia complexes.
The estimated fractional abundances of HCO+ (HCN)
range from 3.0×10−12 (1.3×10−11) to 1.5×10−9 (5.6×10−10)
with a mean value of 1.5 × 10−10 (1.4 × 10−10) which are sig-
nificantly lower than values in low- to high-mass star-forming
regions. The low abundances detected in this work may be
attributed to beam dilution.
The inspection of some parameters from CO observations
suggests that CO-selected cores detected in HCO+ and/or
HCN would have higher CO excitation temperatures and,
probably, higher column densities compared to the ones with-
out detection. Among the parameters given in the PGCC cat-
alog, we found that the H2 column density would serve as an
indicator of the presence of dense gas in PGCCs. On the basis
of the inspection of the parameters given in the PGCC cata-
log, we suggest that there are about 1 000 PGCC objects may
have sufficient reservoir of dense gas to form stars.
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Table 3
Statistics of Derived Parameters
N13CO NC18O NHCO+ NHCN NH2 X13CO/XC18O XHCO+ XHCN XHCO+/XHCN
(1015 cm−2) (1015 cm−2) (1012 cm−2) (1012 cm−2) (1021 cm−2) (10−11) (10−11)
Min. 3.77 0.22 0.07 0.24 1.45 3.40 0.30 1.26 0.05
Max. 56.63 8.68 24.16 16.15 70.90 36.56 152.15 55.81 5.07
Median 11.95 0.94 0.76 0.62 8.93 12.49 8.51 20.55 1.84
Mean 15.27 1.79 1.69 1.57 12.76 11.45 14.86 13.56 1.40
STD 9.41 1.42 2.73 1.91 9.82 5.33 18.79 10.90 0.99
Table 4
Statistics of Some Parameters of PGCCs
NH2 Tdust Mclump Lclump
(1020 cm−2) (K) (M) (L)
All PGCCs
Min. 0.07 8.55 0.05 0.01
Max. 1189.23 30.00 1.26 × 105 2.92 × 106
Median 4.12 14.53 4.55 2.56
Mean 10.72 14.60 797.29 2299.61
STD 25.58 1.98 4771.02 52018.39
PGCCs detected in dense gas tracers
Min. 2.52 9.20 0.80 0.37
Max. 136.95 14.52 4428.39 1567.50
Median 24.53 12.35 14.31 4.33
Mean 32.28 12.22 121.76 42.65
STD 25.21 1.13 532.11 188.13
PGCCs not detected in dense gas tracers
Min. 2.65 9.20 0.54 0.30
Max. 156.91 17.31 3650.42 756.06
Median 15.30 12.29 8.04 3.03
Mean 20.72 12.32 176.56 38.31
STD 21.13 1.27 713.28 147.51
Note. — All the parameters are from the PGCC catalog (Planck Collaboration et al. 2015).
